Abstract A natural disaster in the form of severe flash floods due to extreme precipitation occurred at Kedarnath (Uttarakhand), India, on 16-17 June 2013 and is being considered as one of the worst disasters in India (Das in J Geol Soc India 82:201, 2013). The catastrophe in the form of flash flood and associated debris flow caused major devastation leading to a high death toll of locals and visiting pilgrims. The very early migration of monsoon trough (MT) towards northern India and its interaction with an incoming western disturbance (WD) formed a transient cloud system that led to extreme precipitation. Using WRF model with triple-nested domain for simulation at finer resolutions, this high-intensity precipitating event is analysed. Interaction of the MT with WD over the foothills of the Himalayas usually causes a break period in the Indian monsoon, but the interaction of MT and WD during this storm event showed different characteristics. Such an association of WD with the MT has been termed as pulsatory extension of the monsoon (PEM) towards Himalayas (Pisharoty and Desai in Indian J Meteorol Geophys 7: 333-338, 1956; Mooley in Indian J Meteorol Hydrol Geophys 8:253-260, 1957). The interaction of the WD with the MT exactly over the Uttarakhand region forms an occluded discontinuity between the mid to upper-tropospheric WD frontal system (colder) and the lower-troposphere MT (warm and humid). The precursor of this front caused formation of steep temperature gradient over the Indian region that led to the early advance of MT towards Himalayas. Formation of this strong front develops augmented convective instability, which is further enhanced by orographic lifting, leading to the configuration of this large organized storm causing extreme precipitation over a large spatial region.
Introduction
A natural disaster in the form of flash floods due to extreme precipitation occurred at Kedarnath (Uttarakhand), India, on 16-17 June 2013. This has been termed as the worst disaster India has faced since the December 2004 Indian Ocean tsunami (Das 2013) . Torrential rains from few hours before 16 June 2013 1715IST (Indian Standard Time) caused a massive deluge in the Mandakini River basin (Kala 2014) . This rainfall continued on and at 17 June 2013 0645IST Kedarnath temple, and surrounding areas were struck by a massive flow of flash flood and debris (Dobhal et al. 2013) . Around the site of this catastrophe, heavy precipitation was reported, but Kedarnath station data are missing due to the loss of the gauge stations. For reference, Fig. 1 provides the location of Uttarakhand in India with the location of the devastation (Kedarnath) specified. Prolonged and heavy precipitation was observed over many districts of Uttarakhand during this time period. Table 1 shows daily precipitation estimates for five cities of Uttarakhand (Fig. 1) , all showing high rainfall values. According to Dube et al. (2014) , Uttarakhand received 375 % more rainfall (340 mm) than its monsoon period daily normal (65.9 mm). Though high precipitation was observed in many areas of Uttarakhand, the devastation was aggravated in Kedarnath due to:
• Prolonged continuous rainfall saturated the drainage system of the watershed area of the Saraswati and Mandakini River basins and flooded them (USAC 2013).
• Speculative glacial lake outburst flood (GLOF) of Chaurabari Lake (Gandhi Sarovar) in the region due to the collapse of the moraine damming the lake (Dobhal et al. 2013 ).
• Speculative landslide due to the continuous rainfall could have barricaded and collected the Mandakini River flow which ultimately was released as the flash flood (Srinivasan 2013 ).
• Speculative melting of fresh snow from Chaurabari and Companion glaciers added to the water content of the Mandakini River ).
• The overflow in the region eroded sediments along the way which formed the highvelocity debris due to steep slope of the flood path ).
Though the devastation was caused by the flash flood and associated debris flow, the basic cause was the unusual meteorological event. Cloudbursts are a weather phenomenon featuring a sudden high rate of precipitation over a localized region, characterized by a high rate of rainfall of the order 70-100 mm per hour, and affect a small region up to 20-30 km 2 for short amount of time (Das et al. 2006) . Though many early reports suggested it, but in the present context, prolonged and continuous heavy precipitation over this large region possibly cannot be considered as a cloudburst (Mishra and Srinivasan 2013) . Synoptic analysis associated with the weather event is summarized below:
• Rapid advancement of the Indian summer monsoon was observed, as it reached western Himalayan region within 15 days of its onset on 1 June 2013 on the Kerala (southern India) coast (IMD 2013a), which usually takes around 25 days.
• The monsoon trough (MT) associated with the Indian summer monsoon showed westward to north-westward movement (Dube et al. 2014 ). This showed up as a lowpressure area developing in the Bay of Bengal of India on 13 June 2013. Further, this system intensified on 15 June 2013 and was located in the east of India. On subsequent 2 days, it moved north-westward towards the Uttarakhand. IMD (2013a) reported the presence of a low-pressure area over eastern Rajasthan region (western India) in association with a trough in the mid-upper level westerlies on 16 June 2013, which formed a western disturbance (WD) (Dimri and Chevuturi 2014) . WD is an extratropical cyclonic system travelling eastward towards India within the subtropical westerly jet (STWJ) which causes precipitation over northern India. The WD showed an eastward movement in the subsequent days (Dube et al. 2014) . This eastward . IMD (2013b proposes that the interaction between the two weather systems led to the formation of low-level convergence over the steep orography of Uttarakhand region.
• Dense clouding and heavy precipitation was observed over northern India due to the moisture incursion from the south-westerly flow (IMD 2013b) , as seen in the satellite image (Fig. 2) . This event led to high-intensity precipitation spread all over Uttarakhand state as discussed above. Vulnerable geomorphological and land-use changes at a fast growing scale have led this state to be extremely susceptible to any kind of natural disaster specially which has an origin in meteorological phenomenon ). An event of this spatial extent is unusual during June (Srinivasan 2013) . Even though it is not the most intense rainfall this region has ever faced (Mishra and Srinivasan 2013) , it is being considered one of India's worst disasters due to the subsequent impact. Various reports show a very high toll of deaths including locals as well as visiting tourists and pilgrims, with 580 confirmed deaths and 3078 people missing (Rautela 2013; Sphere India 2013a, b) . Table 2 provides a brief summary of the impact of the disaster. Kala (2014) provides a review of the disaster stating that various anthropogenic factors such as unchecked and rapid landuse changes and urban infrastructure development enhanced the intensity and scale of the impact. Also, such cases of rainfall-related disasters and subsequent devastation are common over the state but have not received enough attention (Dimri 2013; Sati 2013) . Lack of observational data over this variable terrain and loss of data with the disasters are a handicap in understanding these meteorological events. In this case, most studies are focused on the hydrological and geomorphological perspectives with few reports detailing the cause of the heavy precipitation. So this study comprising of specifics of storm formation using numerical simulation is very significant. With these considerations, the objectives of this study can be summarized as:
• To understand and describe the 16-17 June 2013 heavy rainfall event over Kedarnath (Uttarakhand) using numerical simulation technique.
• To study in detail the various physical, dynamical, and thermodynamical processes associated with the storm formation.
This paper is divided into the following sections: Sect. 2 describes the experimental design and data, Sect. 3 shows results and discussion, and Sect. 4 provides summary and conclusion.
Experimental design and data
In this study, the WRF model (version 3.4.1) with the ARW dynamic solver is used to simulate the heavy rainfall event. The WRF model is a mesoscale dynamical model, developed by a multi-institutional collaboration (Wang et al. 2010) . The ARW dynamic solver (Skamarock et al. 2008) is developed primarily at National Center for Atmospheric Research (NCAR). The model domain is set up over India with a central domain point (20.0°N 70.0°E) and triple-nested domains of 27, 9, and 3 km, respectively ( Fig. 3 ; Table 3 ). In Fig. 3 , Kedarnath has been marked with the plus sign within the state of Uttarakhand. The disaster of flash floods occurred over the Kedarnath region, but extreme weather event are also analysed along with the prolonged precipitation itself. With such an aim, a 4-day simulation is deemed necessary for the study. Model simulations at horizontal resolutions smaller than 3 km estimate the precipitation using the cloud microphysics scheme (Gomes and Chou 2010) . Thus, in this study, cumulus parameterization scheme is not used for the domain with 3 km horizontal model resolution. National Center for Environmental Prediction (NCEP) Final analysis data (FNL), at 1°9 1°spatial resolution, are used as the initial and lateral boundary conditions for the study (NCEP/NOAA/US-DoC 2000). Initial conditions for the model are extracted from the FNL dataset and are interpolated to the model domain. Due to the coarser resolution of the FNL dataset, a 12-h spin-up period has been incorporated before starting the model integration (Skamarock 2004) , thus initializing the model at 1200UTC 14 June 2013. The daily outgoing long-wave radiation (OLR) (Liebmann and Smith 1996) dataset provided by Earth Systems Research Laboratory (ESRL), National Oceanic and Atmospheric Administration (NOAA), USA, available at 2.5°9 2.5°spatial resolution is used for validation purposes. NASA's modern era retrospective analysis for research and applications (MERRAs) (Rienecker et al. 2011 ) 3 hourly analysis dataset with a spatial resolution of 0.5°9 0.7°are used as corresponding observational data. Three different observation datasets are used for the precipitation fields:
i. Tropical rainfall measuring mission (TRMM) multi-satellite precipitation analysis (real-time data) 3B42 V7 and daily merged precipitation estimate dataset (Huffman et al. 2007 ) at 0.25°9 0.25°spatial resolution. ii. Climate prediction centre morphing (CMORPH) technique (Joyce et al. 2004) generated daily precipitation dataset at 25 km spatial resolution, gauge-adjusted 8 km spatial resolution, and 30-min temporal resolution dataset. iii. Daily merged satellite gauge data from IMD (India Meteorological Department) and NCMRWF (National Centre for Medium Range Weather Forecasting) (Mitra et al. 2009 ), at 0.5°9 0.5°spatial resolution.
3 Results and discussion 3.1 Analysis of synoptic situation and precipitation Figure 4 shows the model-simulated OLR and its corresponding observation analysis along with the MODIS satellite data. OLR is an indicator to describe the clouding condition or precipitation globally (Xie and Arkin 1998) . Lower OLR corresponds to the presence of high clouds with colder cloud-top temperatures. As per the synoptic situation described in the introduction, the heavy precipitation with large spatial extent in this event was caused by the confluence of WD with the Indian summer monsoon (ISM) trough. Such strong systems generate higher cloud formation which corresponds to lower OLR. As shown in Fig. 4a , e, i, two distinct cloud clusters are observed on 15 June 2013 (marked by purple circles). The dotted circle roughly demarcates the clouds associated with incoming WD, whereas the solid circle distinguishes the clouds associated with monsoonal flow. On 16 June 2013, merging of these two systems led to the development of 'transient cloud system' (TCS) as also described by Pandey and Pandey (2014) . The TCS formed due to the merging of subtropical (MT) and midlatitude (WD) systems, which produced the precipitating systems. Many different sources have stated the formation of dense cloud cluster/cover due to the merging of the monsoon trough and WD (Dobhal et al. 2013; IMD 2013b; Shekhar et al. 2015) . This dense cloud cover is formed due to the merging of monsoon trough with the mid-latitude cyclonic circulation due to WD forming a single low-pressure area (Shekhar et al. 2015) . As this occurrence of dense cloud cover system is transitory, it has been termed as TCS. The TCS is demarcated in the Fig. 4 as a tilted purple rectangle, which shows Uttarakhand within the confluence zone of the two weather systems. On 17 June 2013, TCS increases in intensity which corresponds to the higher precipitation estimates observed on 17 June 2013 (Table 1) . Thus, this TCS can be considered the cause of the heavy precipitation over the Uttarakhand region with variable orography. The TCS persists from 16 to 18 June 2013 and shows a slight eastward movement. The eastward moving WD (IMD 2013a) can be the cause of the eastward movement of the cloud system. In contrast to the observation of OLR, model shows lower OLR indicating the formation of deeper cloud systems. While the intensity of OLR is lower, the pattern of the TCS is similar in both model and observation. This underestimation of the OLR values will have an association with the model precipitation which will be discussed later. Comparing Fig. 4 with Kalpana satellite images of Fig. 2 , notable similarities are found in the formation of TCS. As described in the paragraph, TCS is the cause of extreme precipitation over the region. As this paper's objective is to understand the dynamics of the extreme precipitation, detailed analysis of formation of TCS will be covered in the coming subsections. The large-scale wind and geopotential height variation at low-, mid-, and upper-tropospheric levels are shown in Fig. 5 . The figure depicts curved south-westerly flow . e-h same as a-d but with corresponding NOAA daily OLR. Black plus sign depicts Kedarnath with the corresponding corrected reflectance of (Terra and Aqua) MODIS data generated from Earth Observing System Data and Information System (EOSDIS) (Source: https://earthdata. nasa.gov/labs/worldview/) in the lowest panel (i-l) associated with the ISM at 850 hPa. This is a cross-equatorial flow termed as low-level jet (LLJ) (Blanford 1884; Joseph and Raman 1966; Findlater 1969) and has a direct relation with monsoonal rainfall over peninsular India (Joseph and Sijikumar 2004) . The LLJ is responsible for the moisture transport which is required for sustaining the storm (Fig. S1) . Moisture incursion over the Indian subcontinent during 15-16 June 2013 is from Arabian Sea and Bay of Bengal. On 17 June 2013, there is additional moisture flow from Arabian Sea, which is also reported in Ranalkar et al. (2016) . The monsoon depression in the figure strengthens as it moves northwards in the successive time periods. In the upper troposphere, a trough is seen in the STWJ, which extends till the north-western India. This is the WD travelling in the STWJ, and its axis shows a slight eastward movement in the different time steps. As per Fig. 4 , we can see the confluence of the two systems: MT of ISM and WD in the STWJ occurs on 17 June 2013. Considering the two systems are present in the lower and upper parts of troposphere, respectively, this merging could have extended right from lower to upper troposphere. At 500 hPa, a trough with a deeper extent than the WD is observed. This trough is showing the merged low-pressure zones of both MT and WD trough. This trough is the cause of the TCS (Fig. 4) , formed along the same axis centred over Uttarakhand. The corresponding observations (MERRA dataset) of largescale wind and geopotential height show similar results (Fig. S2) .
The consequent daily model precipitation along with corresponding observations is depicted in Fig. 6 . The daily precipitation estimates of model (at 27 km horizontal model resolution) as well as all three corresponding observations show that precipitation over the Uttarakhand increased on 16 June 2013. It further peaked on 17 June 2013 and reduced slightly on 18 June 2013. On comparison of model simulation with observation data, it is observed that the model is able to capture the spatial extent rainfall specifically on 17-18 June 2013. But model is overestimating the intensity of precipitation in contrast to the observations. But in comparison with the recorded rainfall from stations of major cities of (Dobhal et al. 2013 ). This suggests that the model has performed well over the region in forecasting the rainfall. Due to insufficient passes of TRMM satellite over this region (Mishra and Srinivasan 2013) and insufficient station observations as discussed in the introduction, all the gridded observation dataset estimates are underestimating the precipitation estimates. Further, analysis of the rain rate for the time period of 0000UTC 16 June 2013 to 1200UTC 17 June 2013 with model and observation shows that the rain rate over the Uttarakhand region did not exceed 50 mm/h (Fig. S3-S5) . The large spatial extent of the storm along with time period of heavy rainfall exceeding 24 h, and with a rain rate not exceeding 50 mm/h, this event cannot be considered a cloudburst event.
With the analysis of the synoptic situation and rainfall pattern, it can be concluded that heavy precipitation over Uttarakhand occurred from 16 to 18 June 2013. To have a complete understanding of the event, the focus of the study is on 16 June 2013 to observe the cause of the confluence of the two weather systems, and on 17 June 2013 to understand the subsequent dynamics of the merged system. Thus, in Fig. 7 , accumulated rainfall for 2 days of 16-17 June 2013 is represented, and region of Uttarakhand is considered due to the heavy precipitation observed. For detailed analysis of the storm, this study considers two sections: the area averaged (over the green box) and the tilted vertical cross sections (along the green line). The area of the green box shows the spatial distribution of precipitation maxima coinciding with the Uttarakhand state. Though location-specific precipitation estimates of the model are not matching, the intensity and spread of precipitation are showing similar distribution as the observations. And since phenomenon is a synopticscale event, the whole region is considered for detailed analysis of the physics of the storm propagation. The analysis over the area is carried out by calculating the variables as an area average over the box. On the other hand, vertical cross section along the axis of Himalayan Fig. 7 Accumulated precipitation (cm) at 3 km horizontal model resolution for 16 and 17 June 2013. Black plus sign depicts Kedarnath. Green line depicts the cross section through high-precipitation zone. Green box depicts the maximum precipitation zone around the Uttarakhand state topography is almost perpendicular to the axis of the TCS (Fig. 4) and also passing through Kedarnath. Using these two demarcated regions, following sections are analysis of the storm dynamics and the associated precipitation.
Detailed analysis of the storm over the area average
To verify the validity of the analysis along the green box, the temporal variation in precipitation area averaged over the box is shown in Fig. 8 . The model precipitation, at 3 km horizontal model resolution, and its corresponding observations are provided in this figure. From the precipitation analysis, it is seen that a precipitation peak is around 1800UTC 16 June 2013 to 0000UTC 17 June 2013. This matches with the reported precipitation maxima, especially during the Kedarnath disaster as discussed in the introduction. Another precipitation peak observed between 0000UTC and 0600UTC 17 June 2013 in both model and CMORPH, but model estimates are much higher than CMORPH data. This mismatch can be due to the two reasons discussed above: insufficient passes of TRMM satellite (which also provides partial input for CMORPH algorithm) and lack of rain gauge data. And another precipitation peak is observed between 0600UTC and 1200UTC 17 June 2013 in model as well as observation estimates. But as stated before, the location-specific precipitation match for model results was not possible. But for the aim of understanding the dynamics on a larger scale, the model results are regarded as a close estimate for the study. Following two figures are a temporal analysis of various areaaveraged variables over the green box discussed. Figure 9a -d shows the pressure-time series of different variables to discuss the physical and dynamical processes associated with the storm. This figure shows the pressure-time series plots of area-averaged variables over the box demarcated in Fig. 7 . All the figures have no values for 1000 hPa due to the presence of orography over the region. The orography is highly variable and higher than 950 hPa, but the area-averaged time series plot depicts an average height. On analysing the relative humidity (Fig. 9a) , it is observed that the low-level relative humidity is higher from 16 June 2013 0600UTC to 1800UTC, whereas relative humidity increases in mid-to upper troposphere starts from after 16 June 2013 1200UTC. This happens along with the increase in the vertical wind (Fig. 9a) . The high relative humidity in the lower levels is due to the moisture incursion from Arabian Sea along with the LLJ as the south-westerly flow. There is some flow from the Bay of Bengal as well on 15-16 June 2013, but the additional moisture influx towards the region from Arabian Sea is a significant source of moisture triggering the extreme precipitation ( Fig. S1 ; Ranalkar et al. 2016) . As this moisture reached the Uttarakhand region, the increased vertical velocity in the region due to the storm caused the low-level moisture to rise up to mid-and upper-tropospheric levels. The moisture in the form of water vapour as it rises undergoes various microphysical processes and forms different hydrometeors such as cloudwater, cloudice, rainwater, snow, and graupel (Pruppacher and Klett 2010) . The increased concentration of these hydrometeors mixing ratios and the hydrometeor-dependent reflectivity signifies the formation of dense clouds over the region (Fig. 9b) . This increased concentration and dense cloud formation is the indicator of the TCS formed over the region which lead to extreme precipitation. From this figure, two time periods or sections of increase can be demarcated: 16 June 2013 1200UTC and 16 June 2013 1800UTC onwards. Though there was continuous rainfall throughout the time period, the slight demarcation of the hydrometeor formation in the two time periods indicates towards Fig. 9 Time-pressure plot for a vertical wind (m/s; shaded) and relative humidity (%; contour); b reflectivity (dbz; shaded) and sum of mixing ratios of hydrometeors: cloudwater, cloudice, rainwater, snow, and graupel (g/kg; contour); c CAPE (J/kg; shaded) and CINE (J/kg; contour) and d vorticity (910 -4 s -1 ; shaded) and divergence (mm; contour) area averaged over the green box in Fig. 7 at 3 km horizontal model resolution the first and second heavy precipitation events before (16 June 2013) and during (17 June 2013) the Kedarnath disaster.
Considering the precipitation patterns, the reported observation is that the precipitation over Uttarakhand showed increase from 16 June 2013 to 17 June 2013. The model simulation shows increase in convective available potential energy (CAPE) between 16 June 2013 0600UTC and 1200UTC (Fig. 9c) . Though the area-averaged CAPE maxima are at 0600UTC at 17 June 2013, the CAPE starts showing an increase from 0600UTC 16 June 2013. The CAPE is the energy that promotes storm formation, whereas convective inhibitive energy (CINE) suppresses the same (Parker 2002) . As the potential energy in the form of CAPE reduces in the atmosphere, it gets converted to kinetic (buoyant) energy, which helps in air parcel rise (Weisman and Klemp 1982) , which is promoted with the reduction in CINE too. Thus, storm formation is promoted from 16 June 2013 1200UTC onwards, but due to higher values of CINE, the storm was suppressed and precipitation during 16 June 2013 is lower than 17 June 2013. On 17 June 2013, CINE shows a reduction; this indicates that the inhibitive energy within the atmosphere has reduced. With this lowering of the inhibitive energy, the storm peaks and high-intensity precipitation are observed. The CAPE and CINE are confined to the lower troposphere, as this energy is generated because of the ISM influence, which promotes large-scale convection due to high temperature and moisture. Increased temperature over the Indian subcontinent during summer generating the heat low and subsequent moisture incursion from the south-west generating the MT are characteristic features of ISM that promote large-scale convection over India during monsoons (Ding and Sikka 2006) . On analysing the corresponding vorticity and divergence (Fig. 9d) , positive vorticity is seen on 16 June 2013 in the lower levels of atmosphere, corresponding to the development of instability in region due to MT of ISM, whereas on 17 June 2013 the positive vorticity is seen in the mid-troposphere, which is the zone of confluence of WD and MT. The positive vorticity indicates the development of cyclonic circulation and instability. The storm structure shows convergence in the lower level and divergence in the upper troposphere. The convergence from the LLJ rises due to increasing vertical winds, and the disturbance in the STWJ provides the divergence aloft. The lifting due to convection in the region is enhanced by the orography of the region, which enhances the mechanical lifting of the air parcel. The effect of orography on this storm event will be discussed in detail in the next section.
The thermal advection of this storm at a spatial extent is discussed in detail later, but here vertical distribution of thermal advection (Fig. 10a) is deliberated here. The pressuretime plot of temperature advection (Fig. 10a) shows warm advection in the lower levels and colder advection in the upper troposphere. Thus, it can be attributed to the fact that MT (ISM) shows warm advection, whereas the WD shows colder advection. In spatial extent, clear zone of thermal advection confluence is the zone of instability and frontogenesis (Singh and Agnihotri 1977) . A zone of interaction between the two is seen around the midtroposphere (500 hPa) during 17 June 2013 and points towards enhanced instability. To the fact, that potential instability shows increase over the region (Fig. 10b) at the same time. The interaction of the MT and WD generates instability in the vertical column. As the potential instability shows a decline, there is increase in the deep-layer wind shear. On comparison, the deep-layer wind shear shows higher values to low-level wind shear, signifying deep convection observed during the storm. Instability (buoyancy) promotes the deep-layer wind shear during storms (Weisman and Klemp 1982) , which is in turn promoted by moisture and temperature. Instability in this case is also enhanced by the front formation due to the interaction of the two systems, further invigorating the precipitation-forming mechanism and forms dense cloud cover discussed before as TCS. The next subsection deals with this interaction of systems in detail.
Detailed analysis of the storm in vertical axis
Dynamics of storm is further discussed with the vertical cross sections along the green line of Fig. 7 as the axis in Figs. 11, 12 and 13. In these figures, due to the presence of high mountains (orography), the figures have been represented from 700 hPa. Due to the height of the mountains, orography is still represented in figures in the north-west. Analysis of zonal and meridional winds along the axis of southern rim of Himalayas (along the green line in Fig. 7 as axis) is represented in Fig. 11 . In the figure at 16 June 2013 0000UTC (Fig. 11a) , upper-level easterly winds can be seen in the south-east portion of the axis. The upper-level easterly winds are the tropical easterly jet (TEJ) as described by Koteswaram (1958) . This TEJ is an important part of the ISM and enhances convection by promoting the upper-level divergence (Sreekala et al. 2014) . But in the figure, we can see that over time, the westerly winds in the mid-to upper troposphere dominate and ultimately overcome the TEJ (Fig. 11b-d) . This westerly jet stream has already been discussed earlier as the STWJ. This STWJ moves north of India during the summer due to shift in the intertropical convergence zone (Ding and Sikka 2006) . Thus, the troughs in the STWJ usually do not impact Indian region during the summer. But due to the fluctuations in the ridge and some disturbances having large enough amplitude and intensity, these might extend towards northern Indo-Pakistan region (Ding and Sikka 2006; Ramaswamy 1962 ). In such situations, the TEJ gets weakened or replaced by the westerlies as observed during this case. In the lower troposphere, orography dominates the north-western portion of the green line axis, whereas in the south-east clear strengthening westerly flow is seen. Also in the case of meridional wind, strengthening southerly wind is observed over the south-east. Thus, this combined event shows the south-westerly flow, which is a characteristic of ISM flow or LLJ, towards the Himalayan region. With the presence of STWJ trough or WD which replaces TEJ in the upper troposphere and low-level monsoonal flow, it shows some characteristics of break monsoon period (Ramaswamy 1962; Bhatla et al. 2004) . Also in Fig. 10 a Time-pressure plot for temperature advection (°C/h; shaded) and b temporal plot for potential instability anomaly (red line) represented on left-hand side y-axis; low-level wind shear at 850 hPa (m/s; blue); and deep-layer wind shear at 500 hPa (m/s; green) represented on right-hand side y-axis; area averaged over the green box in Fig. 7 at 3 km horizontal model resolution. Potential instability = equivalent potential temperature (500 hPa) -equivalent potential temperature (850 hPa) Fig. 11 , the upper-tropospheric region shows southerly winds. Such kind of northward movement of meridional wind is associated with the break monsoon (Joseph 1978) .
Usually during the break monsoon, precipitation is seen clearly over foothills of Himalayas, and rest of the India experiences dry conditions (Ramaswamy 1962; Bhatla et al. 2004) . But according to IMD (2013a), the monsoon of 2013 showed no break periods and also precipitation was observed in some other parts of India as well during this time period. The interaction of WD and MT in this case does generate synoptic conditions similar to break monsoon. But the question arises that what is this type of interaction of WD and MT that not only enhanced the approach of monsoon over India but also caused unusual high amount of precipitation? Pisharoty and Desai (1956) in their paper briefly mentioned that WDs sometimes extend the Arabian Sea branch of monsoon to north India before the Bay of Bengal branch in the early monsoon period. They termed it as a pulsatory extension of the monsoon (PEM) towards north India. Mooley (1957) described a similar case (09 July 1953) of extension of monsoon moist current towards former north-western Uttar Pradesh (currently Uttarakhand). This extension was said to be caused due to a WD leading to enhancement of precipitation over the region. But the PEM has not been much discussed in the literature in detail. PEM is described to suddenly enhance precipitation over north-western India, which has extreme vulnerability towards disasters due to such Fig. 7 at 3 km horizontal model resolution events. It is imperative to have a detailed analysis of such rare but extreme events due to their subsequent consequences. In the forthcoming portion of this paper, the physics and dynamics of PEM causing heavy precipitation over Uttarakhand is discussed in detail.
In Fig. 12 , the analysis of geopotential height is represented. The geopotential height anomaly at each pressure level shows a lower geopotential height at north-western upper troposphere (with the presence of WD) and higher geopotential height at south-east lower troposphere (with the presence of MT). This signifies that the geopotential height lines are tilting down towards the south-east. This tilt can also be visualized in the perturbation geopotential height lines. The perturbation geopotential height lines are closer together over the north-western upper troposphere. This is causing compression in the pressure surfaces where the colder trailing part of WD is present. WD is the form of frontal layer in the upper troposphere with a pre-existing low (Singh and Kumar 1977; Dimri and Chevuturi 2014) . Over the south-eastern region in the lower troposphere, these lines are farther apart which suggests expansion around the location of MT. The compression is caused by colder advection, and expansion is due to the layers becoming less dense with higher temperatures. Further, strengthening and enhancement of both WD and MT is shown in Fig. 12a-c . This change expansion and compression of the thickness of the pressure surfaces leads to the development of changes in the geostrophic wind, which is caused by Fig. 12 Vertical pressure plots of geopotential height anomaly (shaded) and perturbation geopotential height (910 2 m/s; contour) over the green line in Fig. 7 at 3 km horizontal model resolution changes in the temperature gradients. Further discussion on temperature advection will be detailed in the next section. In Fig. 12c , we see two different systems in the opposite corners of the graph demarcated by the black lines. As shown in Fig. 11 , lower troposphere over the south-west is covered by high orography of the Himalayan region, whereas the mid-to upper troposphere over north-west is influenced by colder trailing part of WD. Consequently, the upper troposphere of the south-east region is influenced by the warming leading part of a WD. Thus, the upper troposphere over the entire region which is influenced by a frontal WD is divided into two portions: the warmer leading eastern part and colder trailing western part. Thus, in Fig. 12c , we can define the three regions demarcated by the black lines as: (a) north-west upper troposphere-colder trailing western part of the WD, (b) south-east upper troposphere-warming leading eastern part of the WD, and (c) south-east lower troposphere-MT. When the WD and MT converge over a region, different parts of the synoptic systems have varying temperature difference. Such adjacent regions of temperature differences form a front or discontinuity. Thus, the colder frontal system (WD) overlaying above the MT (which can be considered a warm front) forms a discontinuity or front called the occluded discontinuity/front. The occluded discontinuity over a region high orography is significant for extreme precipitation. The north-west lower Fig. 13 Vertical pressure plots of reflectivity (dBZ; shaded) and combined hydrometeor mixing ratios (g/ kg; contour) over the green line in Fig. 7 at 3 km horizontal model resolution troposphere indicates the high orography of the Himalayan region which has increasing altitude in the north-western direction. Thus, there is a formation of an occluded discontinuity during the PEM at synoptic scale in the atmospheric column (Fig. 12c) . The interaction of the weather systems forming the discontinuity with orography leads to lower-level convection enhanced by mechanical lifting and upper-level divergence due to the westerlies. The impact of the topography of the region is caused by obstruction winds (Fig. 11c) , which enhance the convective activity by mechanical lifting. The interaction of Himalayan topography with the occluded front develops positive vorticity in the mid-troposphere (Fig. 9d) which supports orographic lifting. The Himalayan topography aids mechanical lifting of the moist air influx, due to thermodynamic discontinuity, to the zone of instability beyond the level of free convection. This mechanical lifting is observed as enhanced vertical wind movement during the time of the event which lifts the moisture incursion in the lower layers to the upper troposphere (Fig. 9a) . The vertical updraft is associated with convergence of air at lower levels (related to MT) and corresponding divergence at upper levels (due to WD). Further, increased reflectivity and hydrometeor (Figs. 9b, 13) , along with the unstable atmosphere, denotes the generation of a region of instability. This instability is maintained by the unstable ascent through thermodynamic forcing (convection) which is aided by orographic forcing. Ranalkar et al. (2016) also have reported the influence of orography in modulating precipitation during this event. Thus, the formation of significant instability over the region is driven thermodynamically (i.e. driven by occluded discontinuity) and enhanced due to the steep topography.
The occluded discontinuity is located exactly over the Uttarakhand region (Fig. 12c ) approximately between 79°E and 80°E. The discontinuity over the region leads to high perturbation seen in the vertical atmospheric column between 79°E and 80°E due to orography-enhanced thermodynamic system. To further show that the occluded discontinuity is the reason generating the instability for storm formation, the reflectivity and hydrometeor mixing ratios are shown in Fig. 13a-d . From 16 June 2013 to 17 June 2013, a clear increase in the concentrations of hydrometeors is observed due to increasing reflectivity. This increase represents dense cloud formation and convective activity over the Uttarakhand. The dense clouds representing the TCS get formed due to intense instability in the atmosphere. The convergence of the two systems to form the occluded discontinuity over a region of high topography with moisture incursion forms the dense TCS. This is an indication that the occluded discontinuity interacting with the orography culminates into heavy precipitation. Singh and Agnihotri (1977) stated that in winters, WDs get their energy from baroclinic zones at the axis of the upper-level front (frontogenesis). In a slightly similar way, the occluded discontinuity also generates baroclinic zone at the interaction point due to differences in the temperature gradient between the two weather systems and front formation within WD itself. These baroclinic zones give rise to enhanced instability in the atmosphere, which along with orography strengthen the precipitation-forming mechanism. Figure 14 shows the thermal winds along with the temperature advection at 27 km horizontal model resolution. This figure is a representation of the advection due to the temperature gradient in two slices of the vertical atmospheric column: low to mid-troposphere (900-500 hPa) and mid-to upper troposphere (500-100 hPa). In the lower half of the troposphere (Fig. 14a, b) , no clear representation is seen over Uttarakhand due to the presence of topography. But there is warm advection seen adjacent to the region. This warm advection with slight clockwise motion of thermal winds shows veering winds. The horizontal movement of a low-level warm and humid air mass is observed much clearly in Fig. 10a and is associated with the MT. In the upper half of the troposphere (Fig. 14c, d ), a clear frontal zone is seen over Indo-Pakistan region, with cold advection trailing behind warm advection. The thermal winds signify a change in the geostrophic wind at different pressure levels. When the thermal winds are considered, a clear counterclockwise movement is seen with height. This signifies backing winds, which also represent a cold air advection in the upper half of troposphere, as also seen in Fig. 10a . Such a formation of a front with cold air advection is due to the trough in STWJ (WD formation). This zone of discontinuity between two air masses is due to the meeting of tropical air mass with middle latitude air mass which forms a baroclinic zone (Singh and Agnihotri 1977) . This also describes the reason for an early advance of monsoon that was reported in past studies. An enhanced thermal gradient is seen at surface due to northward moving MT and the cold front in the form of eastward moving WD. This strong temperature gradient accelerates the rate of northward propagation of MT towards north India. A temperature gradient within the atmosphere causes the differential densities of air within the atmospheric column. Heating causes expansion and cooling causes compression which causes varying thickness of pressure levels. Due to such density/thickness differences in the pressure column, the pressure surfaces or geopotential surfaces show a tilt (Fig. 12) . Only horizontal temperature gradients and advection can cause such a tilt in geopotential surfaces and thus (Fig. 14) ; stronger is the change in the geostrophic wind with height, which forms stronger frontal zones. Also, as most of the mid-latitudes are in geostrophic balance, slight ageostrophic wind over the troughs and depressions in the pressure surfaces generates the synoptic-scale weather systems as seen in this case. The baroclinic zones between the fronts (especially in the region of occluded discontinuity) enhanced by the orography generate instability which is the source of kinetic energy driving the storm and enhancing precipitation.
Summary and conclusions
A natural disaster due to extreme precipitation occurred at Kedarnath (Uttarakhand), India, on 16-17 June 2013 causing major devastation in its wake. Due to its natural geomorphology and introduction of large-scale anthropogenic land-use, land-cover, watershed, and drainage changes, the region of Uttarakhand is extremely vulnerable to such disasters. With large native population and migratory but substantial tourist population, any devastation may lead to high death toll. But most studies are focused on the impact of the disaster, namely flash floods, whereas this study provides a unique perspective of understanding the cause of the disaster, namely extreme precipitation event. IMD (2013b) provides that the extreme precipitation event is caused due to the interaction of WD with the MT causing heavy precipitation over the Himalayas. This form of interaction between WD and MT is different from the break monsoon interaction and was termed as PEM by Pisharoty and Desai (1956) . Mooley (1957) briefly mentioned the occurrence of such cases earlier, leading to heavy precipitation over Uttarakhand, which is discussed in detail in this study. With the possibility of such heavy precipitation events happening unexpectedly over a geomorphological vulnerable region, Fig. 15 Conceptual model of the PEM towards Himalayas this study is important from scientific and forecasting point of view, as well as provides motivation for policy makers to develop better early warning and disaster mitigation systems.
WRF model is used to simulate the heavy rainfall event at high horizontal resolution for a detailed analysis. Model and corresponding observational analysis and station data show that though the flash floods caused devastation in Kedarnath, heavy precipitation was observed all over the Uttarakhand state. The interaction of WD and MT formed a cloud cluster directly over Uttarakhand termed as TCS, which caused the extreme precipitation. The formation of TCS was attributed to the rapid PEM towards northern Indian in the early monsoon period. This was caused due to the formation of an occluded discontinuity or front over the north India. WDs usually do not impact India during summer due to a northward shift of the STWJ. In summers, some WDs with larger amplitudes of the upperlevel troughs migrate over the Indo-Pakistan region. Eastward moving WDs in the upper levels have cold air mass advection towards warmer air mass, forming strong temperature gradients leading to frontogenesis associated with cold fronts. The low-level warm and humid air mass associated with MT acts similar to a warm front. With northward PEM, a warm and humid air mass interacts with the cold front associated with eastward moving WD (Fig. 15) . The movement of the cold front over this warm and humid low-level flow forms an occluded front which develops deep instability at the lines of discontinuity. This thermal forcing develops a pseudo-frontal system between low and upper level of atmosphere. The enhanced temperature gradient of such a front causes a stronger pressure gradient leading to faster northward approach of MT. Also, the formation of strong occluded front develops augmented instability than simple convective instability. This enhanced instability is further augmented by the orographic forcing that induces mechanical lifting to the convection caused by occluded discontinuity, thus leading to the formation of a large organized storm (than multiple small storm cells) which caused the high-intensity precipitation over a large spatial region.
